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Osmoregulated transporters sense intracellular osmotic pressure and respond to hyperosmotic stress by accumulation of osmolytes to restore normal hydration levels. Here we report the determination of the X-ray structure of a member of the family of betaine/choline/carnitine transporters, the Na 1 -coupled symporter BetP from Corynebacterium glutamicum, which is a highly effective osmoregulated uptake system for glycine betaine. Glycine betaine is bound in a tryptophan box occluded from both sides of the membrane with aromatic side chains lining the transport pathway. BetP has the same overall fold as three unrelated Na 1 -coupled symporters. Whereas these are crystallized in either the outward-facing or the inward-facing conformation, the BetP structure reveals a unique intermediate conformation in the Na 1 -coupled transport cycle. The trimeric architecture of BetP and the break in three-fold symmetry by the osmosensing C-terminal helices suggest a regulatory mechanism of Na 1 -coupled osmolyte transport to counteract osmotic stress.
Microorganisms must be able to adapt rapidly to extreme variations in salinity, temperature or osmolarity. To avoid dehydration or swelling, the cells adjust their intracellular solute pool 1 . Many organisms have developed similar strategies to counteract high osmolarity through the intracellular accumulation of osmolytes [2] [3] [4] , which are often referred to as compatible solutes 1 . Osmolytes are highly polar, organic compounds that can accumulate in the cytosol to molar concentrations 4 . The osmolyte glycine betaine (N,N,N-trimethylglycine), often referred to simply as betaine, is widely used in osmoregulation by bacteria 5, 6 , archaea [7] [8] [9] , fungi 10 , plants 11 and animal cells [12] [13] [14] . Osmolytes promote protein stability through unfavourable interactions with the unfolded state 15 , thus counteracting destabilizing agents such as urea, which is physiologically important in mammals 13, 16 . Many microorganisms do not rely on the de novo synthesis of osmolytes 17, 18 , but instead use highaffinity transporters to import them from extracellular sources 6 . Osmolyte transporters are thus faced with the problem of binding a substrate that tends to be repelled by the protein surfaces 19 . The osmoregulated betaine transporter BetP of C. glutamicum 20 is a well-characterized member of the family of betaine/choline/carnitine transporters (BCCTs) 21 , which contains a conserved tryptophan motif in transmembrane helix 8 (TM8). The transport of betaine by BetP is highly specific, and coupled to the symport of two Na 1 ions
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. Betaine uptake is instantly activated by hyperosmotic stress, which causes an increase in cytoplasmic K 1 concentration sensed by the C-terminal domain of BetP [23] [24] [25] . We determined the structure of an N-terminally truncated and surface-engineered, but nevertheless active and osmoregulated, BetP mutant. The crystal structure shows BetP to be a trimer with three-fold non-crystallographic symmetry (NCS), whereas it is an asymmetric trimer in the membrane 24, 25 . The transporter core consists of two tightly nested, structurally related inverted repeats of five transmembrane helices each. Its fold resembles that of the Na 
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) or an inward-facing conformation (vSGLT 28 ), the X-ray structure of BetP shows an occluded-intermediate, substratebound state. Comparison of these structures provides new insights into conformational changes during the transport cycle of Na 1 -coupled symporters. Furthermore, different interactions between neighbouring monomers in the BetP trimer suggest a regulatory mechanism in response to osmotic stress.
Transporter structure
Apart from the extended C-terminal a-helix, the BetP monomer has a nearly cylindrical shape (Fig. 1a) . It contains twelve transmembrane a-helices (Fig. 1b) and a curved a-helix (H7, helix 7) at the periplasmic membrane surface. Three helices at the perimeter of the monomer (TM1, TM11 and TM6) run almost perpendicular to the membrane, whereas TM5, TM10 and TM12 are substantially tilted by about ,40u.
TM3 has a locally unwound segment, approximately halfway across the membrane, that divides it into intracellular (TM3i) and extracellular (TM3e) parts. TM4 and TM5 are connected on the cytoplasmic side by loop 4, which includes an internal 3 10 helix (IH1). TM9 and TM10 are connected on the periplasmic side by loop 9, which contains a short external a-helix (EH2). TM3, TM4, TM8 and TM9 form an iris-shaped, four-helix bundle with a prominent non-protein density in its centre roughly halfway along TM4 and TM8, adjacent to the unwound region separating TM3i and TM3e. This density was identified by its shape and by structuralsubstrate coordination homology 31 as betaine ( Fig. 2 and Supplementary Fig. 1a) .
The ten C-terminal transmembrane helices contain an internal structural repeat, which is not evident in the amino-acid sequence of BetP, forming the core of the transporter. The structural repeat relates TM3-TM7 to TM8-TM12 by a pseudo-two-fold axis in the plane of the membrane (Fig. 1b) . The V-shaped helix pair TM3-TM4 is closely nested with the inverted V-shaped pair TM8-TM9, forming the four-helix bundle, which is surrounded by TM5-TM7 and TM10-TM12 serving as a scaffold. The long, curved helix 7 and TM2 enclose the transporter core like a stabilizing belt.
The significant resemblance in overall architecture of the inverted structural repeats in the different Na , vSGLT 28 and Mhp1 30 is not reflected in sequence similarity. Furthermore, the similar fold provides new insights in the relation of bacterial BCCTs and eukaryotic GABA (c-aminobutyric acid)/osmolyte transporters from the NSS family found in kidney 32 and in brain 33 . Most likely, they have a common ten-transmembrane-helix ancestor that evolved by gene duplication and harboured the inverted repeat, which then diverged in the course of evolution as dictated by environmental conditions 34 .
Substrate pathway
Side chains from TM4 and TM8 contribute to the betaine-binding site (Fig. 2) . As in betaine-specific binding proteins 31, 35, 36 , the quaternary ammonium group is enclosed in an aromatic environment by cation-p and van der Waals interactions. In BetP, indole groups of Trp 189 and Fig. 3 ). We suggest that Trp 377 may act as an additional binding site during conformational changes in the transport cycle.
In BetP and other members of the BCCT family ( Supplementary  Fig. 2 ), a total of 23 conserved aromatic side chains line the substrate pathway including the tryptophan box in the four-helix bundle ( Supplementary Fig. 1b ), raising the question of whether such an excessive supply is needed. According to the widely accepted alternating-access model of membrane transport 37 , the interaction surface of the substrate and transporter need only extend to the central binding site that is switching accessibility from one side of the membrane to the other during the transport cycle. Usually, osmolytes act as co-solvents and are excluded from the first hydration shell of proteins by repulsive interaction with the protein backbone 38 . Coating the binding site with aromatic side chains would solve this problem, by providing a surface that would, according to Tanford's transfer model 39 , minimally repel osmolytes 31, 35, 36, 40 . Functional studies 22 have shown that two Na 1 ions are required to energize betaine transport in BetP, which has a Michaelis constant (K m ) for Na 1 of 39 mM (ref. 23 ). On the basis of the structural alignment of BetP on the LeuT Aa 26 structure, we propose two potential Na 1 binding sites ( Fig. 3a and Supplementary Fig. 4 ). Sodium binding in the active, osmoregulated BetP mutant used for structure determination ( Supplementary Fig. 5 ) seems to be facilitated by main chain interactions in the flexible, glycine-rich stretch of TM3 with one Na 1 ion (Na1) coordinated by the carboxyl group of betaine, the carbonyl oxygen of Met 150 in the unwound region of TM3 and the carbonyl oxygen of Ala 148 in TM3i (Fig. 3a and Supplementary  Fig. 4 ). The second Na 1 ion (Na2) is located in the bend between TM3e and TM3i. The carbonyl oxygen of Ala 147 in TM3i and the side chains of Ser 306 and Met 310 in TM7 coordinate Na2. Thr 467 and Ser 468 in TM10 are suggested to be additional ligands of Na1 and Na2 with an interaction probably mediated through water molecules. Fig. 6 ). In the BCCT family, highaffinity betaine transporters ( Supplementary Fig. 2 ) exclusively contain the conserved GxGxG motif in the segment of TM3, suggesting that BetP's specificity to betaine is related to the structure of the unwound segment upon binding of Na1.
The substrate pathway and the potential positions of the Na 1 ions are blocked from the periplasm in the BetP structure, but a narrow funnel between TM3i, TM7, TM8 and TM10 links the putative Na sites to the cytoplasm (Fig. 3b) . The funnel has an elliptical constriction defined by Ala 147 (TM3), Ile 302 and Ser 306 (TM7), Phe 380 and Phe 384 (TM8) and Ser 471 (TM10), with a major axis of ,4.5 Å and a minor axis of ,2 Å . For steric reasons and owing to the limited side-chain size of the residues involved in the constriction, the opening of the funnel will require a rearrangement of the polypeptide backbone, that is, a considerable conformational change (Fig. 4b) . By also taking into account the structural symmetry of the two repeats (Supplementary differs significantly from the occluded periplasmically or cytoplasmically open states described before 26, 28, 30 .
Transport mechanism
Although the available transporter structures 26, 28, 30, 41 support the alternating-access model of membrane transport 37 , so far none of them show the same transporter in more than one conformation. The central question of how the different conformations interconvert to bring about membrane transport has thus remained unanswered. BetP, LeuT Aa 26 , Mhp1 30 and vSGLT 28 contain similar topologically inverted repeats that can be superimposed unambiguously (Supplementary  Table 2 ). Structural differences among these repeats contribute to the asymmetric architecture of the outward-and inward-facing conformations of LeuT Aa /Mhp1 and vSGLT, respectively (Fig. 4a) 
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. Previous modelling studies 42 could only exploit this asymmetry and described the change from the outward-facing conformation to the inward-facing conformation as a switching of the conformation of the two repeats. However, the occluded-intermediate state of BetP has a symmetrical architecture (Fig. 4a and 43 revealed a characteristic clustering of hydrophobic residues in transmembrane helices in transporters of the unrelated NSS, SSS and amino acid/ polyamine/organocation families, confirming their similar transporter core structures.
On changing from the outward-facing conformation (LeuT Aa ) over an intermediate state (BetP) to the inward-facing conformation (vSGLT; Fig. 4b ), a concerted, iris-like movement occurs in the four-helix bundle. The periplasmic halves of TM3, TM4 and TM9 (BetP numbering) undergo an anticlockwise rotation occluding the substrate-binding site on the periplasmic side (Fig. 4b) . The concomitant movement of TM8 might be influenced by the different sizes and natures of the substrates in the three transporters. The rotation of the cytoplasmic half of the four-helix bundle moves it out of the centre of the transporter. In the scaffold surrounding the four-helix bundle, TM10 straightens and TM5 and TM12 approach TM3 and TM8 on the periplasmic side. On the cytoplasmic side, they move away from the four-helix bundle, opening a route to the substrate-binding site between TM8 and TM12. The conformational changes associated with transport can thus be described in terms of concerted movements of the four-helix bundle and the surrounding scaffold. The pivot points of these movements are located near the substrate-and ionbinding sites, close to the structurally conserved glycines as in the GxGxG motif in the stretch of TM3 and Gly 301 in loop 6 ( Supplementary Fig. 6 ). Ile 302 and Ser 306, both of which are involved in the occlusion of the substrate from the cytoplasm, follow Gly 301. Notably, mutation of Gly 301 renders BetP inactive ( Supplementary Fig. 3 ). Therefore, this glycine might be important for the flexibility of loop 6 and, thus, for opening this pathway to the cytoplasm.
Mutagenesis studies of the LeuT Aa homologue SERT reveal conformational changes during transport in the loop connecting the fourhelix bundle with the C-terminal part of the scaffold 44, 45 . A comparison of the three structures indicates a major shift in the N-terminal part of this loop 9, moving out of the periplasmic vestibule in the transition to the inward-facing conformation (Fig. 4a) .
In the occluded state of the BetP structure, helices adopt intermediate positions between the outward-and inward-facing conformations of LeuT Aa and vSGLT. Therefore, conformational changes during inward transport do not seem to be a mere switching motion between the two low-energy open states, as predicted by the alternating-access model, but seem to involve an additional low-energy intermediate state resulting from the concerted movement of transmembrane helices around the coupling ion-binding sites.
Trimer architecture
The three monomers labelled A, B, and C in Fig. 5a are related by a three-fold NCS axis, which run perpendicular to the membrane. The trimer has a central conical cavity (Fig. 5c, d) and is lined by 3 3 4 aromatic side chains (Supplementary Fig. 7 ). Other than in this hydrophobic cavity, the cytoplasmic surface is positively charged, whereas the periplasmic surface is negatively charged (Fig. 5d) . The hydrophobic cavity is filled with non-protein density, most likely detergent or lipid. The segment of helix 7 that faces the periplasm is rich in leucines and asparagines. Therefore, it shows characteristics of a non-specific lipid interaction site 46 and may bind lipid in the central cavity to stabilize the trimer. There are deep clefts between the monomers, which are accessible from the membrane. In the membrane these would be filled with lipids, allowing the monomers in the trimer to move.
Interactions between monomers involve the C-terminal helix and the amphipathic helix 7. Helix 7 makes contact with TM2, TM3, TM9 and helix 7 of the other two monomers, and the C-terminal helix interacts with loop 2 and the C termini of the other monomers. The BetP C terminus contains two clusters of positively charged residues, from Arg 558 to Arg 568 and from Lys 581 to Lys 587 (Fig. 1a) . In the BetP structure, the C-terminal helices are all differently oriented and do not obey NCS (Fig. 5b) ; monomer A is resolved to Arg 589, monomer B to Arg 558 and monomer C to Arg 568. The second cluster is only resolved in the C terminus of monomer A, it mediates the main crystal contacts between trimers ( Supplementary Fig. 8 ), which contribute to the break in NCS. However, other breaks of NCS are clearly not due to crystal contacts. Arg 568 residues of monomers A and C form a salt bridge to Glu 552 of the adjacent monomer. This interaction is not found for Arg 568 of monomer B (Fig. 6) .
Regulation
Alanine and proline scanning of the C-terminal helix indicate that arginines in both clusters are important for regulation 47 , which is lost upon C-terminal truncation at Tyr 550 24 . Peptide-array analysis 47 has implicated strong interactions of positively charged C-terminal domains with the negatively charged N-terminal domain. N-terminal truncation resulted in activation at higher osmolarity in C. glutamicum and in Escherichia coli polar lipid proteoliposomes ( Supplementary Fig. 5 ), indicating that the interaction of C and N termini has an important role in regulation. When not constrained by crystal contacts, the C-terminal helix appears to have some freedom to move in a plane parallel to the membrane surface. In the BetP structure, the C terminus of monomer C points towards TM1 of monomer B, suggesting a possible interaction with the N-terminal domain, whereas the C terminus of monomer B is oriented towards TM6, suggesting to a potential interaction site with residues in loop 4 and loop 8.
The structure of BetP also reveals an important role for loop 2, which was observed by peptide-array analysis 47 to some extent. In a supposed outward-facing conformation of BetP (Fig. 4a) , loop 2 would block the cytoplasmic funnel for the Na 1 ions and the substrate. Loop 2 contains the three negatively charged residues: Asp 131, Glu 132 and Glu 135. Double mutation at Asp 131 and Glu 132 prevents expression of the betP gene and mutation at Glu 135 reduces transport activity (Supplementary Fig. 3 ). Asp 131 interacts by means of a salt bridge with Arg 558 located in the C-terminal helix of the adjacent monomer, and Glu 132 with Arg 390 in loop 8, which connects TM8 and TM9 in the four-helix bundle (Fig. 6) . Loop 8 contains an additional positively charged patch of Arg 387 and Arg 392, and transport activity is sensitive to mutation of both arginines ( Supplementary Fig. 3 ).
Changes in orientation of the C-terminal helix would affect the orientation of Asp 131 and, in turn, Glu 132 and hence the conformation of loop 8, and could thus regulate the transport cycle by ionic interactions. In proteoliposomes, activation of BetP in response to osmotic stress seems to be specifically triggered by high internal K 1 concentration, although the activation optimum of 220 mM (refs 23, 48 ) is high for a specific K 1 -binding region. In addition, the cation specificity depends on the membrane composition indicating concomitant or competing stimuli in osmoregulation. A direct interaction of the BetP C terminus with charged lipids in the membrane as observed by surface plasmon resonance 47 could influence the accessibility of a potential regulatory K 1 -binding region. We suggest that the cation specificity most likely depends on the orientations of the C-terminal domains reflecting functionally different conformations in the activation cycle. Regulation of transport is thus a collective effect of the interactions between the three BetP monomers. Therefore, lipids in the clefts between the monomers or in the hydrophobic cavity in the centre of the trimer might affect the orientation of the C-terminal helices as well. We conclude that each monomer in the trimer activates its neighbour, taking advantage of the oligomeric architecture of BetP.
METHODS SUMMARY
The construct of BetPDN29EEE44/45/46AAA (BetPDN29 Se ) with an N-terminal StrepII tag in a IBA7 vector was used to express selenium-labelled protein in E. coli BL21 RIL-X cells at 37 uC, using SelenoMet media (Molecular Dimensions) containing 40 mg l 21 L-selenomethionine. The protein was solubilized from isolated membranes in 2.5% (w/v) b-dodecyl-maltoside and purified by affinity and size-exclusion chromatography. BetPDN29 Se crystals were grown by vapour diffusion at 18 uC by mixing a 1:1 volume of protein (,9 mg ml 21 ) and reservoir solution containing 100 mM Na 3 citrate (pH 5.55), 23% PEG 400 and 100 mM NaCl. A single-anomalous-dispersion diffraction data set to 3.3 Å was used to obtain phases from the selenium anomalous signal. The data were corrected for their strong anisotropy, and the resulting electron density was B-factor sharpened and averaged using the three-fold NCS operators. This resulted in an interpretable map, and the automatically built partial model was completed manually. The structure was refined to a final reliability factor R work 5 P jjF o j 2 jF c jj/ P jF o j of 25.6% and an R free value (calculated for 5% of the data that were excluded from the refinement) of 26.5%. Uptake of [ 14 C]glycine betaine by BetP and mutants was measured in E. coli MKH13, in C. glutamicum DHPF cells and in E. coli polar lipid proteoliposomes as described 23, 24, 48 . The osmolality was adjusted to 800 mosmol kg 21 by addition of sorbitol. Substrate uptake in cells or proteoliposomes was initiated by adding [ 14 C]glycine betaine (0.1 mCi ml
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) at a final concentration of 100 or 200 mM and measured as described 48 . Ionic interactions of the C-terminal domains and the involved helices of monomer A (grey), monomer B (blue) and monomer C (brown-purple) with loop 2 (yellow) and loop 8 (red) on the cytoplasmic side. The two positively charged clusters in each domain are shown in light blue. Residues forming salt bridges are shown in stick representation and labelled separately.
